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Abstract Parkinson’s disease is a neurological human
proteinopathy, which is caused by the accumulation of
protein aggregates of high molecular mass. a-Synuclein is
a major component of these fibrillar, b-sheet rich, insoluble
assemblies and is deposited in the form of amyloids.
Structural characterization of amyloids is possible by solid-
state NMR, although no atomic-resolution structure is
available as of today. a-Synuclein, as many other pathol-
ogy-related fibril-forming proteins, can form a number of
different polymorphs that are sometimes tricky to obtain in
pure form. Here, we describe the chemical shifts and sec-
ondary structure analysis of a polymorph that also adopts
mainly b-sheet conformation, with a fibrillar core ranging
from residues 38 to 94. In addition, residues 15–20 from
the N-terminus found to be part of a rigid ordered b-sheet.
The chemical shifts differ substantially from the poly-
morph we previously assigned.
Keywords a-Synuclein  Fibrils  Solid-state NMR 
Assignments  Secondary structure
Biological context
Parkinson’s disease is amongst the most frequent and most
devastating neurodegenerative diseases. It is tightly asso-
ciated with the assembly of the protein a-synuclein into
high-molecular-weight protein species, which propagate
between neurons in the central nervous system. a-Synuc-
lein, which is the principal constituent of the intracellular
protein inclusions Lewy bodies that are found in the brain
of individuals developing Parkinson’s disease, aggregates
in vitro into b-sheet rich fibrils. However, numerous
polymorphs between different samples, but also within one
batch, have been observed.
Recent efforts succeeded in preparing samples with
unique polymorphs by careful choice of fibrillization con-
ditions. Two polymorphs (Gath et al. 2012; Comellas et al.
2011) of human a-synuclein and one polymorph of mouse
a-synuclein (Lv et al. 2012) could be extensively assigned.
The extent of the assignment, the individual chemical shifts
and the secondary structure predicted from the chemical
shifts differ between the polymorphs, indicating that the
three-dimensional (3D) arrangement within the fibrils is
substantially different from one form to the other. This
shows that sample preparation is a crucial step in fibril
structural studies, as structural differences or polymorphs
can arise from different production, purification and
assembly conditions. Increasing evidence emerges that a
variety of forms might have to be considered to establish a
structural basis for a-synuclein toxicity. We here describe
sequential chemical-shift assignments of an a-synuclein
polymorph which has not been described yet, and which
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shows different secondary chemical shifts compared to
other assigned specimen.
Methods and experiments
Protein expression and purification
Full-length a-synuclein was expressed in E. coli BL21 DE3
codon ? cells (Stratagene). Cells were grown in LB
medium to an Abs600nm of 0.8 and sedimented at 3,000g for
10 min in 1 l tubes. The pelleted bacteria were washed
with 200 ml of M9 salt and spun at 3,000 g for 10 min.
The bacterial pellets were resuspended in half the volume
where they originally grew of M9 media containing 1.75 g
of 15NH4Cl, 2.5 g of U–
13C glucose, 2 mM MgSO4,
0.1 mM CaCl2, 10 lg thiamine per litre of culture. Cells
were grown for 30 min at 37 C and a-synuclein expres-
sion was induced by 0.5 mM IPTG for 3 h. The cells were
then harvested by centrifugation (4,000g, 10 min), resu-
pended into lysis buffer (10 mM Tris pH 7.5, 1 mM
EDTA, 1 mM PMSF) and lysed by sonication. Cell
extracts were clarified by centrifugation at 14,000g,
30 min. Purification was performed as previously described
(Hansen et al. 2011).
Fibrillation was achieved in buffer A (Tris 50 mM
pH 7.5, KCl 150 mM) at 300 lM by shaking 1 ml solution
aliquots at 37 C as described (Cohlberg et al. 2002).
Fibrils were spun for 20 min at 50,000 rpm on a TL100
ultracentrifuge (Beckman) using the TLA 100.4 rotor. The
pellets were washed through 2 cycles of resuspension and
sedimentation with buffer B (5 mM Tris pH 7.5). The
pelleted material was used to fill a ZrO2 3.2 mm rotor
(Bruker) using home made filling device (Bo¨ckmann et al.
2009) spun at 40,000 rpm for 16 h at 18 C in an SW60 TI
rotor and an optima L90-K ultracentrifuge (Beckman). The
fibrillization conditions are compared in Table 1 to other
forms of sequentially assigned a-synuclein polymorphs
described in the literature.
NMR spectroscopy
All dipolar-based spectra were recorded at 20.0 T static
magnetic field on a 3.2 mm loaded loop gap coil Bruker
probe and processed using topspin 2.1. A shifted (2.4 or
2.6) cosine squared apodization function and automated
baseline correction in the direct dimension were applied.
The sample temperature was set to 278 K and the MAS
rate to 17 kHz. The INEPT spectrum was measured at
14.1 T static magnetic field and at 13 kHz MAS. Further
experimental and processing details are given in Table 2.
Before starting the assignment process, reproducibility of
the sample preparation was checked with 20 ms DARR
finger print spectra. However, all assignment spectra were
recorded from a single sample.
Assignment and data deposition
The spectra of this new polymorph of a-synuclein are well
resolved with a line width at half height in the order of
0.6 ppm. A two-dimensional (2D) 13C–13C correlation
spectrum is shown in Fig. 1. The good signal-to-noise ratio
obtained for this sample allowed recording of 3D assign-
ment spectra. A representative plane of these spectra is
shown in Fig. 2. In the assignment process, a combination
of NCA, NCO, NCACO, CANCO, NCOCA (sequential
walk) and DARR, NCACB and CCC (side chain assign-
ments) 3D spectra were used. The assignment strategy
followed the general approach described in detail before
(Habenstein et al. 2011; Schuetz et al. 2010). With these
spectra, 90 % of the all carbon atoms and 96 % of all
backbone amides between residues 38 and 94 could be
assigned (Fig. 3).
For the stretch ranging from residue 79 to residue 92, a
second set of chemical shifts was observed, as well as for
Ser47. A similar observation was made in mouse a-syn-
uclein, where a doubling of the resonances were observed
for residues Gly84, Ala85, Gly86, Ala89 and Gly93 (Lv
et al. 2012). In our case, the chemical shifts between the
Table 1 Experimental conditions for fibrillization used in this work, those from previous work Gath et al. (2012), and work described in
Comellas et al. (2011) and Heise et al. (2005)
Buffer Salts Protein
concentration
Shaking
(rpm)
T (C) Duration
This work 50 mM Tris–HCl, pH 7.5 150 mM KCl 300 lM 600 37 4 days
Gath et al. (2012) 5 mM Tris–HCl pH 7.5 – 300 lM 600 37 7 days
Comellas et al.
(2011)
50 mM Na phosphate buffer, pH 7.4,
0.10 mM EDTA, 0.02 % NaN3 (w/v)
– 1 mM 250 37 3 weeks
Heise et al. (2005) 25 mM Tris–HCl, pH 7.5, 0.01 % sodium azide – 220–350 lM 300 37 3 weeks
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two sets of resonances vary the most for amide and Cb
values, which are known to be most sensitive to small
changes in the backbone dihedral angles. Figure 4 shows
the differences in chemical shift for Ca, Cb, C and N, as
well as a comparison of intensities and line widths of the
doubled peaks in the NCACB spectrum. Both sets of peaks
have roughly the same intensity. They probably correspond
to two a-synuclein monomers in one asymmetric unit of
Fig. 1 2D 13C–13C DARR
spectrum of a-synuclein fibrils
recorded with a mixing time of
20 ms at a magnetic field of
20.0 T. The data was zero-filled
and apodized in both
dimensions using shifted
squared sine-bell function
(qsine 2.6). All assigned
correlations between Ca and Cb
are labeled with the residue
number. Dashed numbers refer
to the second set of shifts in the
doubled stretch
Fig. 2 Planes of 3D CANCO
(black), NCOCA (blue) and
NCACB (red) spectra recorded
at a static magnetic field of
20.0 T. For experimental details
see Table 2. The data were
analyzed using the CCPN
software (Stevens et al. 2011;
Vranken et al. 2005). Grey
labels mean that the maximum
of the corresponding peak is at a
slightly different 15N chemical
shift, therefore leading to
weaker signals in the plane
presented
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the fibril, as recently found in Ure2p C-terminal (Haben-
stein et al. 2011). Therefore, a second chain, B, was
introduced for these residues. However, the assignment of
Ser47 to chain A and B is arbitrary as there is no contact to
the C-terminal residues visible in our spectra. The link
between residues Glu83 and Gly84 is also ambiguous due
to almost identical chemical shifts. The labeling of the
chains might be interchanged at this point. The assignment
of both chains is deposited in the BMRB under the
accession number 18860.
Secondary chemical-shift differences between the Ca
and Cb resonances for both chains are given in Fig. 5.
They are mainly negative, showing that this new
polymorph, in analogy to the three previously assigned
polymorphs, mainly adopts b-sheet conformation. For the
two chains distinguished in this polymorph, the second-
ary shifts differences are very similar. Therefore, the
three dimensional structure of the two hypothetic
monomers of a-synuclein in the asymmetric unit should
be very similar, with slight differences in the C-terminal
region.
A careful analysis of the 20 ms DARR, the NCA and the
NCACB spectrum showed that some of the resonances are
still unexplained. These were combined into 21 spin sys-
tems, for some of which the amino-acid type could be
identified. However, sequential assignment turned out to be
Fig. 3 Assignment graph [created using the CCPN software (Stevens
et al. 2011)] of the N-terminal 96 amino acids of a-synuclein.
Residues for which two sets of chemical shifts were found are marked
in red. The red assignment graph belongs to chain B. For residues
1–15 and 21–37 only tentative or no assignments could be obtained
due to spectral overlap or missing sequential connections. No
assignments could be obtained for the flexible parts 95–140
400 J. Gath et al.
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impossible, as they either have no sequential contacts or
spectral overlap was too severe to allow for a sequential
walk. Some spin systems were only visible in 2D spectra.
A few spin systems could be tentatively assigned to some
of the 32 unassigned residues in the N-terminal region.
Indeed, it seems likely that all unexplained resonances
stem from the N-terminus. However, it is clear that not all
N-terminal residues are visible in the spectra. Figure 6
compares the number of unassigned spin systems with the
occurrence of unassigned amino acid types in the N-ter-
minal part. Those tentative assignments are not deposited
in the BMRB and not considered in the following.
No indications pointing to the presence of rigid, ordered
parts in the C-terminal 46 residues could be observed. This
(a)
(b) (c)
Fig. 4 a Differences in the peak positions in the NCACB spectrum
for the two sets of peaks (chain A and chain B) for the stretch from
residue 79–90. Differences are largest for nitrogen and Cb shifts.
Those two are known to be most sensitive to small changes in the
backbone dihedral angles. Glu83 is not visible in the NCACB
spectrum. The tolerance for chemical shifts is 0.2 ppm for carbon and
0.4 ppm for nitrogen. Comparison of the two sets of NCACB peaks
originating form the doubled stretch in terms of intensity (b) and line
width (c). The relative ratio of intensities is close to one for most of
the peaks. These differences could be tracked to problems with signal
overlap. Error bars correspond to the statistical error calculated from
the noise level of the spectrum and do not include systematic errors
due to overlapping peaks
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is not surprising as in all forms studied so far, at least the
last 40 residues were found to be flexible and unstructured.
In Fig. 7 a 1H–13C INEPT spectrum of the a-synuclein
fibrils studied is shown. All peaks, besides the threonine
resonances (vide infra) could be explained assuming that
the 46 residues C-terminal residues, which are not detected
in the CP-based experiments, are flexible. For residues
preceding a proline, the Ha and Ca shifts differ from the
normal random coil values. Therefore, they can be assigned
sequence specifically. In the C-terminus of a-synuclein
there are five proline residues, and all five preceding resi-
dues can be identified in the INEPT spectrum. As there are
no threonines present in the C-terminal portion, the thre-
onine resonances come probably from residual monomers
in the rotor. For a-synuclein fibrils obtained under similar
fibrilization conditions, it was shown, that a-synuclein
fibrils are in a temperature-dependent equilibrium with the
monomers (Kim et al. 2009). However, they might also be
assigned to Thr22 or Thr33, located in the region of the
molecule where no CP-based signals could be assigned
indicating at least some dynamics for this stretch of amino
acids.
In summary, the number and location of residues
forming the rigid core region of the new polymorph we
report is comparable to the two polymorphs of human a-
synuclein described by Comellas et al. (2011) and Heise
et al. (2005) and the mouse a-synuclein described by Lv
et al. (2012). However, the chemical shifts, and therefore
also the secondary chemical-shift differences which are
used as a proxy for secondary structure, differ substan-
tially from those two polymorphs (Fig. 8). The new
polymorph shares features with a different form of human
a-synuclein described by Gath et al. (2012) as at least
some resonances from the N-terminal region are
observed. Interestingly, while all five polymorphs repor-
ted so far have a flexible, unstructured C-terminus in
common, they differ by the amino-acid stretches involved
in b-sheet rich structures constituting the core of the
fibrils. How the differences in structure impact fibrils
growth propensity and toxicity will certainly be a central
aspect in further investigations.
Fig. 5 Differences between secondary chemical shifts of Ca and Cb
resonances relative to their random coil shift tabulated by Wishart and
Sykes (1994) of the sequentially assigned residues of a-synuclein.
Red bars stand for the secondary chemical shifts of the doubled
stretch starting at residue 79. For glycine residues only the deviation
of the Ca shift from the random coil value is plotted. Glycines are
indicated in grey and in orange for chain A and chain B, respectively.
Three negative bars in a row are indicative for b-sheet secondary
structure. Underneath the Figure the extent of the peak doubling is
indicated with the points, where the assignment to chain A and chain
B may or may not be interchanged
Fig. 6 Comparison between the number of amino-acid residues in
the N-terminus, (more specifically the stretches from residue 1–15
and residue 21–37 which are not assigned in this paper) and the
number of experimentally detected but not sequentially assigned spin
systems
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